Several European bat species migrate long distances of .1,000 km, but information on migration routes is poor or anecdotal, or both. We investigated migration of bats along the Oder River valley in southwestern Poland to determine the significance of large river valleys as migration corridors for bats. We determined direction of bat movements from visual observations and sequence of echolocation signals received by 2 bat detectors, from March to November 2007. The predominant activities of bats were directional flights in spring (March-May) and autumn (mid-August-October) and foraging in summer (June-July). In spring, most bats flew northward, and in autumn, southward. In autumn, the movement occurred over a longer time and there were fewer bats migrating than in spring. We conclude that river valleys are migration flyways for bats that travel long distances and those that travel short distances, and that differences between spring and autumn migration may be related to food supply, to energy demands, to seasonally different routes, or to a combination of these factors.
Some species of mammals take a risk of energetically expensive and risky long-distance 2-way migration, mainly to avoid undesirable conditions at a particular time of year. Compared to birds, far fewer mammals are migratory. Longdistance migrants, traveling .1,000 km, are known in cetaceans, pinnipeds, ungulates, and bats (Vaughan et al. 2000) . In the latter group, migration plays an important role mainly for temperate zone species. To avoid low temperatures and lack of food in winter, and to find suitable roosts in a milder climate, a many species migrate long distances (!2,000 km) including the European species Nyctalus noctula (noctule), N. leisleri (Leisler's bat), Pipistrellus nathusii (Nathusius's bat), P. pipistrellus (common pipistrelle), and Vespertilio murinus (particolored bat), and American species Lasiurus cinereus (hoary bat), Lasiurus borealis (red bat), Lasionycteris noctivagans (silver-haired bat), Leptonycteris curasoae (southern long-nosed bat), Leptonycteris nivalis (Mexican long-nosed bat), Choeronycteris mexicana (Mexican long-tongued bat), and Tadarida brasiliensis (Brazilian freetailed bat). Other bat species are regional migrants, traveling 100-500 km. These include Barbastella barbastellus (barbastelle), Myotis myotis (greater mouse-eared bat), Myotis daubentonii (Daubenton's bat), and Myotis dasycneme (pond bat- Cryan et al. 2004; Fleming and Eby 2003; Hutterer et al. 2005; Steffens et al. 2004; Strelkov 1969) .
Extensive banding programs in some countries (see summary in Steffens et al. 2004; Hutterer et al. 2005) revealed that bat migration routes within Europe are biased northsouth, northeast-southwest, or northwest-southeast. In general, bats from high-latitude summer breeding sites move to milder climatic zones in the southern part of the continent, where winter conditions are more moderate and where bats can hibernate aboveground in trees and buildings (Fleming and Eby 2003; Strelkov 1969 Strelkov , 2000 . In spite of the large amount of work done with bat banding, we still do not know the exact flyways of migrating bats. There is only limited or anecdotal information about routes chosen by bats for migration. Several studies suggest that bats follow river valleys during migration. Strelkov (1969) discussed various possible migration routes and geographically different wintering grounds of individual species and populations, among which some species travel along the lower course of the Dnieper River and then diverge into different species-specific migration ways (Popov 1941) . Research on the migratory movements of Schreibers's bat (Miniopterus schreibersii) in northeastern Spain showed that migratory paths mainly follow valleys and coasts, sometimes running through mountain passes (Serra-Cobo et al. 1998) . Serra-Cobo et al. (2000) suggested as well that rivers are landmarks for orientation and paths for migration. Several studies provided evidence for migration of P. nathusii along seacoasts (Jarzembowski 2003; Petersons 1990 Petersons , 2004 Strelkov 1969) . Other investigations and sporadic observations also indicated that bats can cross open water such as the North Sea, Baltic Sea, and Black Sea (Ahlén 1997; Ahlén et al. 2007; Strelkov 1969; Walter et al. 2005) . However, specific information about offshore migration is still not available.
Movement between sites should be reflected in seasonal changes of bat activity as measured by different methods such as netting and acoustic surveys. There have been many studies published on seasonal changes in bat activity; most were done on foraging grounds and in various habitats (e.g., Ciechanowski 2002) or during autumn swarming and mating periods (e.g., Furmankiewicz 2003; Parsons et al. 2003a Parsons et al. , 2003b . Only a few studies provide evidence of migration movement (e.g., Cryan 2003; Cryan and Brown 2007; Furmankiewicz 2003; Russ et al. 2003; Speakman 1990 ). The latest studies on bat mortality on wind farms also show seasonal changes of activity, revealing a high proportion of migratory species in the autumn migration period (e.g., Dietz 2003; Kunz et al. 2007 ). However, there are no studies on bat migration along rivers. Therefore, the aim of our study was to identify the pattern of activity by bats along the Oder River and thereby to determine the significance of large river valleys as migration corridors for bats. If the river is a migration route for bats, then we would expect a predominance of directional flights (i.e., flight when the bat is moving continuously in 1 directionusually northward or southward in this study) between hibernacula and summer roosts at the time of autumn and spring migrations. In this case, directional flights should be randomly distributed throughout the night. However, if the movements of bats on the river were commuting flights between day roosts and foraging sites, we would expect flight direction to be uniform or randomly distributed within a season but showing a change of direction within a night (as bats flew to foraging sites and back).
MATERIALS AND METHODS
Study site.-The study was conducted at 4 sites along the middle course of the Oder River valley between the villages of Lubiąz _ (51u15.5239N, 16u27.4679E; 79 m elevation) and Boraszyn (51u23.2569N, 16u27.9359E; 119 m elevation; Fig. 1 ). Study sites are located in the geographic province of the Central European Lowland (subprovince Central Polish Lowland: Trzebnica Rampart, Silesian Lowland) in southwestern Poland. The average annual temperature in that area is 8.5uC.
The 854-km-long Oder River ranks among the largest rivers in Poland and central Europe; the flowing water is about 50 m wide. The Oder River belongs to the Baltic Sea catchment area. The banks along most of the river are regulated by being straightened and developed with groins. The banks are about 20-30 m wide in most places; they are covered by tall grass and bushes beyond which is forest, including small and narrow patches of riparian forest. Those forests are usually narrow and limited to the riverbanks, although in some areas they adjoin larger forest complexes. Beyond the forests is agricultural land.
We chose 4 observation points on the banks of the Oder River (Lubiąz_, Łęg Korea, Domaszków, and Boraszyn; Fig. 1 ), because we assumed that activity at 1 point may be affected by its specific location, and if the river is a migration route then directional flights should be observed along the whole river. We changed observation points at each field trip, moving from Lubiąz_ to Łęg Korea to Domaszków to Boraszyn and back again, always in the same order, throughout the study period. The observation points were along the riverbank, about 2 m from the water, between 2 groins. The opposite bank was about 50 m away. We carried out acoustic and visual surveys simultaneously at each observation point.
Acoustic and visual observations.-We performed 22 night surveys from 9 March to 5 November 2007. We observed throughout the night, from sunset to sunrise. The study period was divided into 3 phenological seasons: spring (March to end of May), summer (June to end of July), and autumn (August to beginning of November). We observed bats at approximately 1-week intervals in spring and autumn, when movement was greatest, because we were primarily interested in seasonal migration. In spring, we observed on 10 nights from 9 March to 26 May; nights were 8-12.5 h long. In autumn, we observed on 10 nights, from 6 August to 5 November, when nights were 9-13.5 h long. In summer, when there were fewer migrating bats, we observed them at 3-to 4-week intervals from 14 June to 16 July; nights in summer were 7.5 h long. At intervening times we observed bats at about 2-week intervals. In the statistical analysis, we used all nights from spring and all nights from autumn to compare activity between seasons. To examine changes in bat activity throughout the night, we used only nights when we noted active bats, that is, 8 nights in spring and 9 nights in autumn. We divided the night into 3 equal periods and computed total number of echolocation sequences for each period.
Acoustic surveys included continuous recording of bats flying over the water surface. We used 2 Pettersson D230 frequency division ultrasound detectors (Pettersson Elektronik AB, Uppsala, Sweden) to estimate flight direction of bats, using order of appearance of echolocation sequences (see below). Each detector was connected to R-1 MP3/WAV recorders (Edirol, Roland Corp., Shizouka, Japan). The entire setup was contained in a plastic box to protect it against moisture and was fixed on a tripod. The detectors were placed 10 m apart, 0.5 m above the ground. The microphone of each detector was directed 45u above the horizontal and 30u above the vertical, toward the water. Such an arrangement allowed us to record bats flying both close to the water surface and up to about 100 m above the river.
We recorded WAV files with 16 bits and 44.1-kHz sampling rate onto compact flash cards in the recorders. Each file consisted of 2 channels: heterodyne and frequency division recordings. For the analysis we used only frequency division records with the frequency band between 10 and 120 kHz. Frequency division channels from the 2 recorders were put into 1 stereo file, with signals to the right detector going into the right channel and those to the left detector into the left channel, to allow us to determine direction of bat flight. Acoustic data were analyzed using the software Cool Edit Pro version 1.2a (Syntrillium Software Corporation, Phoenix, Arizona).
We distinguished bat species, number of echolocation sequences, and the following activities: northward directional flight, southward directional flight, foraging, and flight without evidence of direction or foraging. Echolocation sequence was defined as a series of echolocation pulses, with amplitude increasing at the beginning and decreasing at the end (bat approaching, passing, and flying away from the microphone of the bat detector). We determined direction of a bat flight by the order in which echolocation signals from the 2 detectors were recorded on the stereo channels. In the study area, the Oder River flows almost straight north, and therefore we assumed that bats flying straight along the river course were flying northward or southward. If a signal appeared 1st in the southernmost detector and then in the northernmost one, the flight was determined to be from south to north. Depending on bat species, the difference between successive sequences in the 2 channels was 1-3 s. Foraging was determined from feeding buzzes. No directional flight was identified when echolocation calls appeared in only 1 channel or in both at the same time. Species were identified from species-specific best frequency of echolocation pulses (Ahlén 1981; Barataud 1996) .
In addition to acoustic surveys, on each survey night we carried out a series of 10-min visual observations every 0.5 h from an observation point between the 2 bat detectors. Depending on length of the night, there were 16-28 observation periods per night. We used a halogen car headlamp connected to a 12-V battery; the light beam extended about 40 m and was 3 m in diameter. This range allowed us to make observations of bats flying up to several meters above the water, which was the level at which M. daubentonii, M. dasycneme, and sometimes the 3 species of Pipistrellus, flew. We noted the number of bats visible (including pairs or groups of individuals) and type of behavior: northward flight, southward flight, or foraging (bat circling, often with feeding buzzes heard in the detectors).
Statistical data analysis.-The 4 sites did not differ statistically in total activity, so we combined them and analyzed them as 1 data set. We used absolute counts from whole nights instead of passes per unit time, because bats fly mainly at night, and the whole night is the important period available to them, rather than the rate at which they passed (bats/h).
We compared the number of directional flights between and within spring and autumn seasons and parts of the nights using 2-way analysis of variance (ANOVA) in Statistica version 6 (StatSoft, Inc., Tulsa, Oklahoma). Data were transformed (logarithmic transformation, ln[n+]) before statistical analysis.
Results
Acoustic surveys.-We recorded 6 species of bats in our acoustic surveys (Table 1 ). The most numerous was M. daubentonii. M. dasycneme was the rarest bat (,1% of observations), and therefore it was not included in further analysis.
Bat activity consisted mostly of directional flights in spring and autumn and foraging in summer (Figs. 2-4) . The direction of flights depended on the season (2-way ANOVA, F 5 9.643, d.f. 5 1, P 5 0.004). The number of northward flights in spring significantly outnumbered northward movement in autumn (Tukey's honestly significant difference post hoc test; Fig. 2 ). The number of southward flights did not differ significantly between spring and autumn (Tukey's honestly significant difference post hoc test, P . 0.05; Fig. 2 ). In spring, most bats were flying northward, although we also observed a relatively large number of southward flights (Table 1; Fig. 2 ). The exception was M. daubentonii, for which northward flights significantly outnumbered southward flights (Table 2 ). Spring migration in the Oder River valley started at the end of March in N. noctula and M. daubentonii and in early or late April in 3 species of Pipistrellus. It ceased by the end of May, when the number of directional flights decreased. It was characterized by clear peaks of activity in all bat species; however, the peaks in M. daubentonii and N. noctula appeared about 2 weeks earlier than in the species of Pipistrellus (Fig. 2) .
Autumn migration was characterized by less bat activity at night, and the travelling bats were more dispersed than during spring. Some directional flights also were observed in June and July, but increase in southward movement was observed as early as in mid-July for P. nathusii, then in mid-August for M. daubentonii, and finally in mid-September for N. noctula. The latter species peaked in its autumn directional flights in the 1st half of October, which was about 1 month later than P. nathusii. Movement of the other species was relatively low. Autumn activity ceased in late September-early October in Pipistrellus species, and at the end of October in N. noctula and M. daubentonii (Table 1; Fig. 2) . Only for N. noctula was autumn directional movement significantly dominated by southward flights (Table 2 ; Fig. 2) .
Number of directional flights did not change significantly throughout the spring and autumn nights for any 1 species (2-way ANOVA, d.f. 5 2, P . 0.05; Fig. 3 ). Foraging occurred from mid-April until early October, with greatest activity in May and June and little activity during early spring and late autumn (Fig. 4) .
Visual observations.-Visual observations confirmed the specific pattern of bat activity. There was intense directional movement in spring, but it was relatively low in autumn (2-way ANOVA, F 5 17.573, d.f. 5 1, P 5 0.0002). Spring was significantly dominated by northward movements (Tukey's honestly significant difference post hoc test, d.f. 5 33, P 5 0.012) and the number of northward flights in spring was higher than in autumn (Tukey's honestly significant difference post hoc test, d.f. 5 33, P 5 0.0002). The number of southward flights was similar in spring and autumn (Tukey's honestly significant difference post hoc test, d.f. 5 33, P . 0.05). In spring, we saw the 1st bats flying close to the water surface-M. daubentonii and M. dasycneme. We observed the 1st bats flying high above the water (Pipistrellus species) later in the season (Fig. 5) . We saw foraging bats from mid-April until the 2nd half of September (Fig. 5) .
Discussion
Migration along river valleys.-Migration by temperate zone bat species takes place in autumn and spring. These flights between summer and winter sites are usually oriented northsouth, with variations between regions, populations, and species (Fleming and Eby 2003; Strelkov 1969) . Flights were intensely directional at the time we expected to see migration and dispersal from maternity roosts and were predominantly northward in spring and southward in autumn, which we consider strong evidence for seasonal migration by the 5 species observed in this study. Similar directional movements in spring and autumn were described by Jarzembowski (2003) for P. nathusii on the Baltic Sea coast. Predominating directional flights in the Oder River valley were noted throughout the night with the same intensity, without any clear reversal of direction of the movement. This suggests that this activity is not related to commuting flights between day roosts and foraging sites and can be considered as passes of migrating bats.
Our study is the 1st to directly show seasonal movements along a river by 4 long-distance species (N. noctula, and 3 species of Pipistrellus) and 1 regional migrant (M. daubentonii), which is evidence that large river valleys are flyways in TABLE 2.-Probability values for differences between number of bats flying northward (N) and those flying southward (S) in spring (n 5 10 nights) and in autumn (n 5 10 nights), and difference between spring and autumn in number of northward flights for bats flying through the Oder River valley, Poland. Probabilities were calculated with Tukey's honestly significant difference post hoc test (d.f. 5 38). Significant differences are indicated in bold font for P 0.05. and Black Sea (Ahlén 1997; Ahlén et al. 2007; Jarzembowski 2003; Strelkov 1969) confirm that linear landscape elements may be suitable migration paths. Serra-Cobo et al. (1998) also showed that linear valleys are the most commonly used migratory trajectories of M. schreibersii in northeastern Spain. Differences in autumn and spring migration.-Differences between spring and autumn migrations are likely due to factors such as weather, the need to accumulate prehibernation fat, and energy demands. In contrast to spring migration, movement in autumn took place at a lower elevation and seemed to be prolonged, probably due to foraging, frequent stopovers, and mating activities of migrating bats (Fleming and Eby 2003; Strelkov 1969) . Prolonged autumn migration, also with mating groups, was reported from the Vistula Split (on the Baltic coast near the border of Russia and PolandJarzembowski 2003) . Aggregations of the mating territories of male N. noctula and P. nathusii occur close to our study site, in the middle Oder River valley (J. Furmankiewicz and R. Szkudlarek, pers. obs.; R. Urban, Institute of Zoology, University of Wroclaw, Poland, pers. comm.) . Movement in spring is probably faster than in autumn. We assume that in spring, after hibernation, bats travel to summer sites as fast as possible to recover after the winter, to settle at their summer roosts, and occupy foraging territories. Therefore, spring migration in most of the migrating European species is rapid and lasts several days (Strelkov 1969) .
Differences between the spring and autumn migration also may be linked to varying food resources along different migration routes. Studies of the diet of nectarivorous L. curasoae showed that some species of columnar cacti and agaves in the Mexican mainland provide a spatiotemporally predictable nectar corridor for spring and autumn migration of bats (Fleming et al. 1993) . Insect-eating bats may use different migratory flyways in spring and in autumn, according to location of the food supply. If bats need to forage intensively in autumn while migrating, they may spread out along good foraging routes such as floodplains in river valleys, whereas in spring they move in a denser stream.
Interspecies differences in migration.-We do not know whether we detected all species of bats that migrated through the Oder Valley. However, one of us (JF) also made surveys along a transect in the adjoining forest and recorded echolocation vocalizations of additional species (Myotis nattereri, M. mystacinus or M. brandtii, Plecotus auritus, and B. barbastellus). We thus know these species were present in the valley and could be detected, but they were not flying above the river. Although we cannot be sure that we detected all bats that migrated along the valley, our study shows the pattern of migration for the most numerous (and perhaps the loudest) species. Our results also showed that migrating bats use echolocation and they can be tracked acoustically.
We found a clearly marked pattern of directional flights in long-distance (N. noctula and P. nathusii) and regional (M. daubentonii) migrants. Nathusius's bat travels !2,000 km, the noctule bat about 1,500 km, and Daubenton's bat about 300 km (Hutterer et al. 2005; Steffens et al. 2004; Strelkov 1969 ). There was a less obvious pattern in P. pipistrellus and P. pygmaeus, which may be due to their being less prone to longdistance movement (Hutterer et al. 2005; Steffens et al. 2004 ). Most populations of P. pipistrellus in central Europe are thought to be sedentary, although some individuals may occasionally migrate over large distances (Hutterer et al. 2005; Steffens et al. 2004 ). Moreover, this species hibernates in southwestern Poland about 150 km from our study site and is commonly found there in the summer (e.g., Iwaniuk and Szkudlarek 2002) , which suggests that this population is sedentary. However, the latest genetic studies of P. pipistrellus and P. pygmaeus show a high level of gene flow among central European populations over a large geographical distance, suggesting the species are migratory in continental Europe (Bryja et al. 2009 ). Hence, to some extent our data confirm the migratory tendency in P. pipistrellus and P. pygmaeus.
The reason for interspecific differences in migration phenology (peaks of activity and start and end of migration) may be the time of arousal from hibernation or the distance that bats must travel between their winter or summer roosts and the point where they were observed. Strelkov (1969) reported differences in spring and autumn arrivals and departures in individual regions. If bats winter farther away from a study point, then they must travel a longer distance and will appear at different times in particular regions.
Implications for conservation.-We still know very little about migration corridors and senses used by migrating bats. However, even this fragmentary knowledge may have important implications for bat conservation because it helps to identify threats to them during migration. One of the gravest threats is wind turbines. Many bats collide with blades of wind turbines, especially during long-distance migrations in autumn (Kunz et al. 2007 ). Wind facilities built on migration paths may severely affect populations of migrating bats. Better understanding of migratory behavior and routes of bats would help improve conservation of these mammals.
